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Abstract
Experimental collaborations for the large hadron collider conducted many and
various searches for supersymmetry. In the absence of signals, lower lim-
its were put on sparticle masses but usually within frameworks with (over-
) simplifications relative to the entire indications by supersymmetry models.
For complementing current interpretations of experimental bounds we intro-
duce a thirty-parameters version of the R-parity conserving minimal supersym-
metric standard model (MSSM) which is in harmony with cold dark matter,
flavour and precision electroweak constraints. The spectra from such model
can lead to different conclusions and corrections to already derived MSSM
exclusions. We explicitly show example compressed gluino-neutralinos and
chargino-neutralinos model points for assessing future neutralino candidate
dark matter in contrast to future collider searches for supersymmetry. Unassess-
able MSSM regions with respect to neutralino direct detection experiments
could be probed by future colliders.
1. Introduction
The Standard Model (SM) of particle physics successfully explains the phenomena observed in the
strong, electromagnetic and weak interactions of fundamental particles. The most recent sets of col-
lider experiments confirm and complete the SM, especially with the discovery of a neutral scalar particle
near 125 GeV [1,2] at the large hadron collider (LHC). The SM however suffers the problem concerning
weak scale naturalness or, equivalently, that the Higgs boson mass is not stable to radiative corrections.
It also could not explain major astrophysical observations such as the dark matter relic abundance of
our universe. Supersymmetry (SUSY) provides a mathematically attractive theoretical frame for build-
ing models beyond the SM (BSM). The theory is built on a well-motivated extension of the Poincare
symmetry in quantum field theory by a new space-time symmetry with interesting phenomenological
consequences. With SUSY, the presence of a fermionic partner is predicted for each SM bosonic par-
ticle and vice versa. The theory can be used to solve the problems facing the SM. These include the
naturalness problem and the absence of a credible dark matter candidate. As such the search for SUSY
signatures has been an important target to collider and dark matter search experiments.
The R-parity conserving minimal supersymmetric standard model has been analysed thoroughly
from various phenomenological perspectives. In the light of low energy observables the model is not
strongly constrained to a particular spectrum or feature due to its large (more than hundred) number of
free parameters. A possible strong constraint is anticipated within the Higgs sector if one requires that
the scalar mass be stable to radiative corrections. A success for the theory was the discovery of Higgs
boson with mass around 125 GeV. But there is not any evidence for supersymmetry from LHC and other
experiments. Model independent limits on visible cross-sections for particular supersymmetry processes
are published from the experiments. These can be used for interpreting the experimental results within
various supersymmetry models in order to derive implications. The interpretations within simplified
models and specific SUSY-breaking frameworks limits and pushes sparticle masses well into the TeV
or multi- TeV regions.
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Within the framework of many parameters R-parity conserving minimal supersymmetric SM
(MSSM) such as in [3–8] the situation could usually be one or a combination of the following two
possibilities. First, the outcome of analyses of SUSY parameters with respect to low energy data is silent
or ambiguous concerning what sparticle masses are. The previous statement is in the sense that a global
fit of the parameters to observations could not yield a particular posterior distributions to the masses. The
only exception to this was the lightest CP-even Higgs boson and scalar-quark mass posterior distributions
which turned out to be invariant under changes to prior distribution of the SUSY parameters. This was
seen [5, 7] in year 2009 prior to the commissioning of the LHC. The latter analyses were for an MSSM
framework with about twenty free parameters since most of CP- and flavour-violating parameters were
set to zero by hand but well-motivated – due to limited or suppressed CP-violating and flavour-changing
neutral current processes.
The second possibility of outcomes occurs when the full-fledged CP- and flavour-violating param-
eters or subsets are considered for analysis. Allowing for this naturally requires multi- TeV sparticle
masses in order to be consistent with observations. In [8], a framework with 30 free parameters (MSSM-
30) was considered by turning on CP- and flavour-violating parameters in a relatively more systematic
manner compared to sister frameworks with less number of parameters. An example of SUSY spectrum
showing some common features within the posterior sample from [8] is shown in Fig. 1. It can be seen
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Fig. 1: An MSSM-30 PySLHA [9] spectrum randomly chosen from an MSSM-30 sample [8] for illustrating common sparticle
features. The spectrum is in accord with low energy constraints related to electroweak physics, B-physics, dipole moment of
leptons and the cold dark matter candidate relic density measurements. It also has an associated ∆EW = 28.6 or 167.1/MZ
fine-tuning measures in [10] or [11] respectively. Here MZ is the Z-boson mass in GeV.
that apart from the lightest CP-even Higgs boson, all other states are above 1.5 TeV, and perhaps diffi-
cult to be reached at the LHC. The SLHA format file for this spectrum is complete with all couplings,
mixing matrices and decay rates known. The MSSM-30 parameter point was known to have passed low
energy constraints.
For both possible outcomes addressed above it could be that future high-energy colliders will
be definitely required for the discovery or ruling out such low-energy SUSY models. There are al-
ready considerations, for instance see [12–14], for the construction of machines for searches at energy
scales significantly beyond the high-energy LHC [15]. There are conceptual designs for colliding proton-
proton, electron-positron or electron-proton beams over different life phases of a single machine or from
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separate experimental collaborations. Besides the energy-frontier facilities, there are effort in search
for SUSY particles from astro-particle experiments. Within the MSSM, a concrete weakly interacting
massive particle (WIMP) candidate dark matter (DM) particle is the lightest neutralino. Astro-particle
experiments are searching for WIMP DM particles in a direct manner via possible elastic scattering with
nuclei in large detectors (see e.g. [16]). Similar to the results from collider experiments, there is no ev-
idence for any neutralino DM and limits on the candidate’s elastic scattering to nucleons cross sections
are published.
In this article we seek to present the MSSM-30 spectra such as that shown in Fig. 1 as benchmarks
for studies related to future experiment endeavours in search for SUSY particles. For instance at very
high centre of mass energies, learning about the extreme kinematic conditions should help in gauging the
overall performance considerations for detector sub-system design or simulations. The model scenarios
are likely a´ priori beyond reach at the LHC but in harmony with other constraints from dark matter
and flavour physics related experimental results. We assess the spectra from the MSSM-30 posterior
sample in [8] using the future circular collider software (FCCSW) frame [34] at 100 TeV centre of mass
proton-proton collision energy. We also analyse the current status and future prospects for the spectra
with respect to limits from astro-particle search for neutralino cold DM candidate. In the next section we
give a brief description of the 30-parameters MSSM. This is followed by presentations of the simulations
and analyses of the sample used. The article ends with an outlook and discussions section.
2. The 30-parameters MSSM
The application of the minimal flavour violation hypothesis to the MSSM [17–20] classify the parameters
into subsets some of which can be neglected depending on the extent to which they break global flavour
symmetry. This leads to the reduction of MSSM parameters to 30 [8]:
θ ≡ { Re
[
M˜1,2
]
, M3, MA, tanβ, Im
[
M˜1,2, µ˜
]
, a1,2,3,6,7, Re [a˜4,5,8] , (1)
Im[a˜4,5,8], x1,2, y1,3,6,7, Re [y˜4,5] , Im [y˜4,5] }.
These stem from the SUSY-breaking terms
M˜1 = e
iφ1M1, M˜2 = e
iφ2M2, M3, µ˜ = µe
iφµ , MA, tanβ,
M2Q = a1 1+ x1X13 + y1X1, X1 = δ3lδ3k, X13 = V
∗
3lV3k,
M2U = a2 1+ x2 X1,
M2D = a3 1+ y3 X1,
M2L = a6 1+ y6 X1, (2)
M2E = a7 1+ y7 X1,
AE = a˜8 X1,
AU = a˜4 X5 + y˜4 X1, X5 = δ3lV3k
AD = a˜5 X1 + y˜5 X5.
Here l and k run over as sparticles family indices, V is the CKM matrix, 1 the unit matrix and δ the
Kronecker delta function. For the MSSM-30 parameters exploration in [8], the gaugino mass (M˜1 and
M˜2) parameters were allowed to be between -4 to 4 TeV. The gluino mass parameter,M3, was allowed in
100 GeV to 4 TeV. a1,2,3,6,7 were simultaneously varied within (100 GeV)2 to (4 TeV)2 and−(4 TeV)2
to (4 TeV)2 for x1,2, y1,3,6,7. The trilinear coupling terms Re[a˜4,5,8], Im[a˜4,5,8], Re[y˜4,5], and Im(y˜4,5)
were allowed to be between −8 TeV to 8 TeV. mA was allowed in 100 GeV to 4 TeV while the Higgs
doublets mixing term, both real and imaginary parts ( Re[µ˜], Im[µ˜] ) in the range -4 to 4 TeV. The
posterior mass distributions for SUSY states and two fine-tuning measures (last two plots) are shown 1
in Fig. 2.
1Posterior plots in this article were made using GetDist [21]
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Fig. 2: The MSSM-30 posterior distributions for Higgs bosons’ (mh,H,AH± ), scalar-top (mt˜), gluino (mg˜), neutralino (mχ˜01 )
masses, lightest chargino-neutralino mass difference (m
χ˜±1
−mχ˜01 ) and fine-tuning (the electroweak [10], ∆EW , and natural-
ness line [10]
√
2MA/ tanβ) measures. All masses here are in GeV units.
3. The MSSM-30 neutralino-nucleons and SUSY cross sections
3.1 MSSM-30 neutralino-nucleon cross sections
The fact that no dark matter particle is detected can be used to put limits on the neutralino-nucleons spin-
independent cross section based on some assumed local neighbourhood dark matter density and velocity
distribution (see e.g. [16]). The spin-independent neutralino-nucleus elastic scattering cross section is
given by
σ ≈
4m2
χ˜01
m2T
pi(mχ˜01 +mT )
2
[Zfp + (A− Z)fn]2, (3)
where mT is the mass of the target nucleus and Z and A are the atomic number and atomic mass of the
nucleus, respectively. fp and fn are neutralino couplings to protons and neutrons, given by [22–26]
fp,n =
∑
q=u,d,s
f
(p,n)
Tq
aq
mp,n
mq
+
2
27
f
(p,n)
TG
∑
q=c,b,t
aq
mp,n
mq
, (4)
where aq are the neutralino-quark couplings and f
(p,n)
Tq
denote the quark content of the nucleon. For
the MSSM-30 posterior sample analysed, the 2-dimensional distribution of the neutralino mass, Mχ˜01 ,
versus its scattering cross section with nucleons, σSI
n−χ˜01
, is shown in Fig. 3(a). The cross sections were
computed using micrOMEGAs [27]. All the MSSM-30 points can be selected to pass the limits from
the LUX [28], PANDA [29] and XENON [30] experiments. In Fig. 3(a) the contour lines show how
XENON1T limit marginally probes the MSSM-30 sample. The future projection, XENONnT, can probe
sample relative better but still cannot assess the entire sample. In fact, their is a significant region, beyond
the “neutrino floor”, which will completely escape the indirect detection experiments. For this, the future
collider searches can be complementary to the latter experiments.
3.2 MSSM-30 SUSY and chargino productions at 100 TeV
Each of the MSSM-30 posterior sample point in the SUSY Les Houches Accord (SLHA) file format is
passed through the FCC-physics [31] software which uses Pythia8 [32] for Monte Carlo events and
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Fig. 3: (a) The MSSM-30 posterior distribution of the neutralino mass versus the neutralino-nucleons spin-independent scatter-
ing cross-section. (b) Posterior distribution of the total SUSY production cross section at 100 TeV mass versus the neutralino-
nucleons spin-independent scattering cross-section. For both plots, the inner and outer contours respectively shows 68% and
95% Bayesian credibility regions.
Delphes [33] for detector simulations. 10000 SUSY events at
√
s = 100 TeV proton-proton collisions
energy are generated for each sample point using the FCC hadron-hadron collider physics analysis frame.
The total generator-level SUSY production cross sections is shown on Fig. 3(b) in relation to neutralino
cold dark matter scattering cross section with nucleons.
Given the approximate mass degeneracy between the lightest neutralinos and charginos within
the MSSM-30 sample, we also analysed chargino, χ˜±1 , pair production at 100 TeV. For this, we have
used the FCCSW [34] package. The leptonic channels via charginos decay to sleptons or sneutrinos and
subsequent decays of the latter sparticles to leptons as in [35]. In this article no background events to the
SUSY were generated or analysed. The kinematic cuts were applied in order to generate Monte Carlo
signal samples similar to those in [35]. For each MSSM-30 sample, generated events in HepMC format
are passed to Delphes for detector response simulations. Using Heppy [36], events were selected
based on the following kinematic variable cuts. Selected events should contain oppositely charged di-
lepton final states (e+e− or µ+µ− or e±µ∓) and two neutralinos. The latter will contribute to the large
missing transverse momentum pmissT which should be larger than 140 GeV for the events. This The
leading (trailing) leptons should have transverse momentum pT larger than 25(20) GeV with |η| < 2.4.
Events with pT > 15 GeV third lepton and |η| < 2.4 were rejected. For same flavour leptons, the
invariant mass |mll −mZ | > 15 GeV is imposed. Here mZ is the mass of Z boson. The cross sections
for the chargino production versus mass is shown in Fig. 4(a). The detector response simulations where
applied for a particular SUSY spectrum. The distribution of the missing transverse energy with respect
to its pseudorapidity is shown in Fig. 4(b).
4. Summary and conclusions
The interpretation of the non observation of SUSY within multi-dimensional MSSM can be challenging
but feasible and arguably necessary for deriving robust conclusions. The impact of experimental results
on a given SUSY model, here the MSSM, can be assessed by analysing changes, beside other various
approaches, on the total SUSY production cross section before and after the application of limits (see for
instance [37–42]). Reinterpretation results within SUSY simplified model frameworks are not always
good approximation and can lead to over-stringent limits on SUSY particle masses [43]. The question
whether the LHC can rule out the MSSM [44] still stands. In this article we introduce the spectra
from an MSSM with 30-parameters as framework that could be used for assessing the status of SUSY
based on current collider limits and also for probing future prospects. There are interesting R-parity
conserving MSSM points which evade simplified models based reinterpretations. These should be useful
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Fig. 4: (a) The MSSM-30 cross section for the chargino pair production at 100 TeV. (b) The missing transverse energy
(MET) for 2000 chargino-pair production verses the MET pseudorapidity.
as benchmarks for studies related to future collider experiments and dark matter search endeavours.
As an illustration, we simulate the production of chargino pairs from proton-proton collisions
at 100 TeV centre-of-mass energy. 20000 events were generated for each SLHA file. Only decays to
leptons (electrons or muons), neutrino and neutralinos were considered for the analysis. The FCCSW
(Pythia8 + Delphes + Heppy) were used for the events generation, detector simulations and analysis.
The generic SUSY production cross sections were provided and compared to neutralino cross section
with nucleons useful for dark matter detection experiments. We also show that the MSSM-30 spin-
independent neutralino candidate cold dark matter particle and nucleon scattering cross sections are near
or crosses the “neutrino floor” – a contour line shown in Fig. 3(a) due to recoil of nuclei induced by
neutrino irreducible backgrounds for the underground experiments.
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